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T h i s  r e p o r t  summarizes t h e  main r e s u l t s  of  t h e  r e s e a r c h  on d a t a  

from t h e  S t a n f o r d  t J n i v e r s i t Y / s t a n f o r d  Resea rch  I n s t i t u t e  VLF e x p e r i m e n t s  

f lown on  OGO 1 (A 17)  and OGO 3 ( E  l 7 ) ,  The work has  been s u p p o r t e d  by 

t h e  N a t i o n a l  A e r o n a u t i c s  and Space  A d m i n i s t r a t i o n  under c o n t r a c t  

NAS 5-2131. 

C h a p t e r  2 b r i e f l y  d e s c r i b e s  t h e  o r b i t s  and a t t i t u d e s  of  bo th  

s a t e l l i t e s ,  and p r e s e n t s  t h e  main f e a t u r e s  of  t h e  VLF exper imen t s  A 17  

and B 1 7 .  The c a l i b r a t i o n  c u r v e s  o f  t h e  c o r r e s p o n d i n g  r e c e i v e r s  a r e  

g i v e n  i n  Appendix B. 

Chap te r  3 o u t l i n e s  t h e  e x p e r i m e n t ' s  p u r p o s e s ,  and Chap te r  4 g i v e s  

a  c o n c i s e  a c c o u n t  of t h e  r e s u l t s  o b t a i n e d  t o  d a t e  i n  e a c h  of s e v e r a l  

t o p i c s .  S p e c i f i c  r e f e r e n c e s  a r e  made t o  t h e  i l l u s t r a t e d  a b s t r a c t s  of 

Appendix A .  A l i s t  of p u b l i c a t i o n s  acknowledging c o n t r a c t  NAS 5-2131 

i s  a l s o  g i v e n .  



I I .  BACKGROUND 

A ,  SATELLITE O H B I T  AND A'I'TI'I'UDE 

OGO 1 was launched on 4 September 1964 and t h e  antenna of experiment 

A 17 was deployed a t  23262 on 8 September. I t s  e c c e n t r i c  o r b i t ,  wi th  

0 
i n c l i n a t i o n  of 31  and per iod of 63 hours ,  59.5 minutes ,  covered the  

a l t i t u d e  range 282 t o  149,360 km (Table 1 ) .  Since t h e  per iod is  nea r ly  

2-213 days ,  succes s ive  per igees  occur a t  geographic  l o c a t i o n s  d i sp laced  

approximately 120 degrees  t o  t h e  e a s t ,  t h e  same r eg ions  being t h e r e f o r e  

sampled every t h r e e  o r b i t s .  Although intended t o  be th ree-ax is  s t a b i l i z e d ,  

OGO 1 had a  s p i n  w i th  per iod of approximately 12 seconds around an a x i s  

w i th in  7 degrees  of t h e  z - ax i s .  A more d e t a i l e d  d e s c r i p t i o n  of t h e  OGO-1 

s a t e l l i t e  is  presen ted  i n  t h e  IG B u l l e t i n  of t h e  Nat iona l  Academy of 

Sciences [I965 1 . 
OGO 3 was launched on 7 June 1966 i n  an e c c e n t r i c  o r b i t .  The 

antenna of experiment B 17 was deployed a t  04202 on 15 June.  A t  t h a t  

t ime t h e  o r b i t  covered an a l t i t u d e  range of 497 t o  121,924 km, wi th  an 

0 
i n c l i n a t i o n  of 31  and per iod of 48 hours ,  32 minutes (Table 1 ) .  Since 

t h i s  per iod is  c l o s e  t o  2  days ,  success ive  pe r igees  occur  a t  geographic 

l o c a t i o n s  d i sp laced  only 10 degrees  t o  t h e  west ,  and approximately t h e  

same r eg ion  i s  sampled every two days .  OGO 3 was th ree-ax is  s t a b i l i z e d ,  

wi th  t h e  +z-axis po in t ing  t o  t h e  e a r t h  and x-axis normal t o  t h e  sun 

l i n e ,  u n t i l  about 18002 on 23 Ju ly  1966. Af t e r  27 J u l y  t h e  s a t e l l i t e  

was spun around t h e  z - ax i s ,  wi th  a  per iod of 95 seconds.  

For a  comprehensive d e s c r i p t i o n  of t h e  Orb i t i ng  Geophysical 

Observatory missions t he  r e p o r t  by Ludwig [I965 1 should be consul ted .  





i3 . DESCRIPTION OF EXPERIMENTS A 17 AND B 17 

The S t a n f o r d  L J n i v e r s i t y / s t a n f o r d  Research I n s t i t u t e  VLF exper iments  

aboard OGO 1 (A 1 7 )  and OGO 3 (B 17)  c o n s i s t  of an antenna and p r e -  

a m p l i f i e r ( ~ )  a t  t h e  end of a  long boom, and f i v e  r e c e i v e r s  ( f o u r  i n  

OGO 1 )  l o c a t e d  i n  t h e  main body. F i g u r e  24 i n  Appendix B is  a  block 

diagram of t h e  exper iment  f lown on OGO 3 .  With t h e  two m o d i f i c a t i o n s  

d i s c u s s e d  below, i t  a l s o  r e p r e s e n t s  t h e  exper iment  aboard OGO 1. 

The antenna is  a  l o o p  w i t h  2.9m d iamete r  and 7.6cm d iamete r  c r o s s  

s e c t i o n ,  l o c a t e d  a t  t h e  end of t h e  +y, 20-foot  boom. The p lane  of t h e  

antenna i s  normal t o  t h e  z - a x i s  and t h e r e f o r e  h o r i z o n t a l  i n  t h e  s t a b i l i z e d  

mode, and n e a r l y  f i x e d  i n  s p a c e  a f t e r  t h e  s a t e l l i t e s  were spun.  

The package i n  EP-5 ( t o p  l e f t  of F i g u r e  24) i n d i c a t e s  t h a t  t h e  

0 - 3  antenna can be connected through t h e  matching t r a n s f o r m e r  e i t h e r  

a s  an e l e c t r i c  s e n s o r  o r  a  magnet ic  l o o p .  The diagram a l s o  shows t h e  

e l e c t r i c  and magnet ic  p r e a m p l i f i e r s ,  and t h e  network used t o  b i a s  t h e  

e l e c t r i c  an tenna .  (The EP-5 package i n  OGO 4 and OGO 3 a r e  s i m i l a r  but  

t h e  e a r l i e r  O G O ' s  1 and 2  d i d  n o t  have e l e c t r i c  antenna nor  b i a s  network. )  

The main body of OGO 3  (F igure  24) houses  t h r e e  narrowband sweeping 

r e c e i v e r s  and two broadband r e c e i v e r s .  Table  2  summarizes t h e  main 

c h a r a c t e r i s t i c s  of t h e  r e c e i v e r s  on OGO 1 and OGO 3.  

The sweeping r e c e i v e r s  (bands 1, 2 and 3 )  measure t h e  ampl i tudes  of 

t h e  d e t e c t e d  s i g n a l s ,  which a r e  t h e n  d i g i t i z e d  and t e lemete red  by t h e  

wide band t e l e m e t r y  t r a n s m i t t e r  (WB TI& i n  t h e  r i g h t  margin of F i g u r e  2 4 ) .  

Band 1 c o v e r s  t h e  3-octave range  0.2-1.6 kHz i n  256 s t e p s .  A t  any s t e p  

t h e  f r e q u e n c i e s  of t h e  band I ,  band 2 and band 3  r e c e i v e r s  a r e  r e l a t e d  

a s  1 :8 :64 ,  s o  t h a t  t o g e t h e r  t h e  t h r e e  r e c e i v e r s  cover  t h e  range 0.2-100 

kHz. On command (mode 3 ,  Table  3 )  t h e  s t e p p i n g  r e c e i v e r s  can be tuned 

- 4 -  





Table 3. Modes of operation of experiments A 17 and B 17 

Special Purpose Data (analog) 

broad band 
Band 3 
phase (IF) 
(53 kHz) 

NO 

CM data (digital) 
-- 

Bands 1, 2 and 3 

-- 

in VLF band 
(0.3-12.5 kHz) 

YES Amplitude of signal in Band 3 tuned at fixed 
(3.75 V p-p frequency 



t o  any f i x e d  f requency  w i t h i n  t h e i r  r ange .  

The broadband r e c e i v e r s  y i e l d  the  dynamic s p e c t r a  of t h e  log-  

compressed and c l i p p e d  s i g n a l s  i n  t h e  range  0.3-12.5 kHz (VLF r e c e i v e r )  

and 20-380 Hz (ELF r e c e i v e r ,  F i g u r e  3 6 ) .  In  mode 2 t h e  VLF spectrum is 

t r a n s m i t t e d  i n  channe l  2  of t h e  s p e c i a l  purpose  (SP) t e l e m e t r y  (Tab le  3  

and r i g h t  margin of F i g u r e  2 4 ) .  I n  modes 1 and 2  (OGO 3 )  t h e  ELF spectrum 

frequency-modulates t h e  v o l t a g e - c o n t r o l l e d  o s c i l l a t o r  (VCO) a t  30 kHz 

t7,57&, which i s  t r a n s m i t t e d  i n  c h a n n e l  1 of t h e  SP t e l e m e t r y  ( T a b l e  3  

and bottom r i g h t  of F i g u r e  24) .  (OGO 4 a l s o  had t h e  ELF broadband 

r e c e i v e r ,  a l though  t h e  e a r l i e r  O G O ' s  1 and 2 d i d  n o t . )  

C a l i b r a t i o n  c u r v e s  f o r  OGO 1 and OGO 3  a r e  shown i n  F i g u r e s  25-30 

and 31-36 of Appendix B .  

A d e t a i l e d  d e s c r i p t i o n  of exper iments  A 17 and B 17 can be found i n  

Rorden, e t  a 1  C19661 and F i c k l i n ,  e t  a 1  C1967b1, r e s p e c t i v e l y .  The 

p r o c e s s i n g  of t h e  d i g i t a l  d a t a  from OGO 1 is  d e s c r i b e d  i n  F i c k l i n ,  e t  a 1  



III .  EXPEREMW PURPOSES 

The proposed o b j e c t i v e s  o f  exper iments  A-17 and B-17, f lown on OGO P 

and X-0 3  r e s p e c t i v e l y ,  were t o  c a r r y  o u t  i n  s i t u  measurements t h a t  might 

l e a d  t o  a  b e t t e r  u n d e r s t a n d i n g  of known VLF phenomena a s  w e l l  a s  t o  t h e  

d i s c o v e r y  of new ones ,  and t o  make a  comprehensive n o i s e  su rvey  i n  t h e  

f requency  range  o f  200 Hz t o  100 kHz. 

I t  was proposed t h a t  c o r r e l a t i o n  between t h e  s a t e l l i t e  d a t a  and d a t a  

r e c e i v e d  a t  a  network o f  ground-based s t a t i o n s  o p e r a t e d  by S t a n f o r d  U n i v e r s i t y  

shou ld  prove u s e f u l .  I n  p a r t i c u l a r ,  s p e c i f i c  i n f o r m a t i o n  was expec ted  on: 

1. The l o c a t i o n  of e m i s s i o n  s o u r c e s .  T h i s  cou ld  be  determined by 
s t u d y i n g  t h e  v a r i a t i o n  of e m i s s i o n  c h a r a c t e r i s t i c s  w i t h  s a t e l l i t e  
l o c a t i o n  i n  t h e  magnetosphere and a l s o  by comparing t h e  s a t e l l i t e  
d a t a  w i t h  ground o b s e r v a t i o n s .  

2. The r e l a t i o n s h i p  between i o n o s p h e r i c  n o i s e  and magnet ic  s to rms .  

3 ,  The t r i g g e r i n g  of  VLF e m i s s i o n s  by w h i s t l e r s  and man-made s i g n a l s .  

4. The r e l a t i o n s h i p  of  VLF phenomena t o  p o s s i b l e  i n t e r a c t i o n s ,  
r e s o n a n c e s  and c u t o f f s  i n  t h e  plasma. 

5. The v a l i d i t y  of t h e  magnetoionic  duc t  t h e o r y  o f  whis t ler -mode 
p r o p a g a t i o n  and d e t a i l e d  c h a r a c t e r i s t i c s  o f  whist ler-mode 
p ropaga t  ion .  

6. W h i s t l e r s  w i t h  anomalous s p e c t r a  obse rved  a t  A l o u e t t e  b u t  not  
on t h e  ground. 

7. The a t t e n u a t i o n  c h a r a c t e r i s t i c s  of whist ler-mode p a t h s ,  from 
measurements of  t h e  i n t e n s i t i e s  of  s i g n a l s  from VLF s t a t i o n s .  

8. V a r i a t i o n s  of e l e c t r o n  d e n s i t y  w i t h  p o s i t i o n ,  from o b s e r v a t i o n s  
of w h i s t l e r s  and man-made s i g n a l s .  

9 ,  E l e c t r i c  f i e l d  and ELF (30  Hz - 300 Hz) o b s e r v a t i o n s  (OGO 3  o n l y ) .  

10 .  New VLP phenomena, i n  keeping w i t h  t h e  e x p l o r a t o r y  n a t u r e  of t h e  
exper iments .  

I n  t h e  n o i s e  su rvey ,  i t  was proposed t o  i n c l u d e :  

I ,  T e r r e s t r i a l  n o i s e s ,  such a s  t h o s e  produced by l i g h t n i n g .  



2 ,  Noises  g e n e r a t e d  w i t h i n  t h e  ionosphere  and magnetosphere,  such 
as  t h o s t  produced b y  s t r eaming  p a r t i c l e s ,  o r  t l - iggered  b y  
whis t  l c r  -mode waves, 

T h e  next  s e c t i o n  p r e s e n t s  a c o n c i s e  account  of t h e  s c i e n t i f i c  achieve-  

ments y i e l d e d  t o  d a t e  b y  exper iments  A 17 and B 17 ,  w i t h  s p e c i f i c  r e f e r e n c e s  

t o  t h e  proposed r e s e a r c h  o u t l i n e d  above. 



P V ,  RESULTS TO DATE 

T h i s  s e c t i o n  h i g h l i g h t s  t h e  main s c i e n t i f i c  c o n t r i b u t i o n s  of t h e  

r e s e a r c h  on t h e  060-1 and OfrO-3 d a t a .  The t o p i c s  a r e  o rgan ized  i n  p a r a l l e l  

w i t h  t h e  exper iment  o b j e c t i v e s  o u t l i n e d  i n  t h e  p r e v i o u s  s e c t i o n .  I n  

g e n e r a l  o n l y  a  v e r y  b r i e f  d e s c r i p t i o n  of r e s u l t s  i s  made h e r e ,  w i t h  a  

r e f e r e n c e  t o  t h e  i l l u s t r a t e d  summaries i n  Appendix A,  In  a  few c a s e s ,  

p a r t i c u l a r l y  w i t h  r e s p e c t  t o  c u r r e n t  r e s e a r c h  not  i n c l u d e d  i n  t h e  Appendix, 

a  more l e n g t h y  d i s c u s s i o n  is  p r e s e n t e d ,  

A ,  LOCATION OF EMISSION SOURCES 

Four  d i s t i n c t  t y p e s  of n o i s e  were i d e n t i f i e d  and s t u d i e d  i n  d e t a i l :  

banded chorus ,  whis t ler -mode emiss ions ,  h igh-pass  n o i s e  and broadband n o i s e .  

S tudy  of t h e  v a r i a t i o n  w i t h  s a t e l l i t e  p o s i t i o n  of t h e  c e n t e r  f r equency  

of t h e  newly d i s c o v e r e d  banded chorus  (Appendix A . 7 )  i n d i c a t e d  t h a t  t h e s e  

d i s c r e t e  e m i s s i o n s  a r e  g e n e r a t e d  i n s i d e  t h e  magnetosphere beyond t h e  

plasmapause and n e a r  t h e  e q u a t o r i a l  p l a n e ,  a t  approx imate ly  h a l f  t h e  l o c a l  

e l e c t r o n  gyrof requency .  These c o n c l u s i o n s  s u p p o r t  g e n e r a t i o n  mechanisms 

i n v o l v i n g  d o p p l e r - s h i f  t e d  g  y ro resonance  w i t h  e n e r g e t i c  e l e c t r o n s .  Banded 

chorus  was a l s o  obse rved  a t  i o n o s p h e r i c  h e i g h t s  by OGO 2 i n  a  f r e q u e n c y  

range t h a t  i s  c o n s i s t e n t  w i t h  t h e  i n t e r p r e t a t i o n  proposed h e r e .  

Both  d i s c r e t e  and con t inuous  \vhist ler-mode e m i s s i o n s  observed by 

W0 l were ana lyzed  i n  d e t a i l  (Appendix A.8). The exper imenta l  r e s u l t  

t h a t  t h e i r  upper  c u t o f f  i s  c o n t r o l l e d  by t h e  e q u a t o r i a l  gyrof requency  a l o n g  

t h e  f i e l d  l i n e  p a s s i n g  through t h e  s a t e l l i t e  i s  f u r t h e r  ev idence  t h a t  t h e s e  

e m i s s i o n s  o r i g i n a t e  n e a r  t h e  magnet ic  e q u a t o r ,  T h i s  s t u d y  a l s o  r e p o r t e d  

t h e  S i r s t  i n t e n s i t y  measurements sf w h i s t l e r  mode emiss ions  n e a r  t h e  magnet ic  

e q u a t o r ,  which were  found t o  be l a r g e  enough t o  a f f e c t  t h e  e l e c t r o n  f l u x e s  



i n  t h e  r a d i a t i o n  belts, A s t r ~ n g  space c o r r e l a t i o n  found between h i g h  

emiss ion  i l l t e r i s i t i e s  and l a r g e  e l e c t r o n  f l u x e s  is  under  f u r t h e r  i n v e s t i -  

g a t i o n  w i t h  Vasyl~i1rn.a~ of  M, I ,'I', 

Two new t y p e s  o f  low f requency  magnet ic  f i e l d  n o i s e  were a l s o  d i s -  

covered i n  t h e  N O - E  d a t a :  a  broadband n o i s e  and a  h igh-pass  n o i s e  (Appendix 

A , 9 ) ,  bo th  e x t e n d i n g  above t h e  l o c a l  gyrof requency  o f  e l e c t r o n s .  These 

n o i s e s  and t h e  whis t ler -mode noise  d e s c r i b e d  above were found t o  b e  s p a t i a l l y  

a n t  i - c o r r e l a t e d ,  

Einissions i n  t h e  magnetosheath  were a l s o  observed by OGO 3 ,  a t  

f r e q u e n c i e s  between 1/4 and 5 / 8  t h e  l o c a l  e l e c t r o n  gyrof requency .  The 

o c c u r r e n c e  of t h e s e  e m i s s i o n s  is  a s s o c i a t e d  w i t h  f l u c t u a t i o n s  of t h e  

ambient magnet ic  f i e l d  (Appendix A.lO), p a r t i c u l a r l y  w i t h  i t s  a b r u p t  de- 

c r e a s e .  T h i s  phenomenon is  s t i l l  under i n v e s t i g a t i o n ,  

On 2% J a n  67 s i m u l t a n e o u s  o b s e r v a t i o n s  of e m i s s i o n s  were made a t  

OGO 3 and a t  Byrd S t a t i o n ,  A n t a r c t i c a ,  n e a r  t h e  s o u t h e r n  f o o t  of t h e  

f i e l d  l i n e  p a s s i n g  th rough  t h e  s a t e l l i t e  ( s e e  Appendix A.14 f o r  t h e  OGO 3 

r e c o r d ) .  F u r t h e r  s t u d i e s  of  t h i s  c o r r e l a t i o n  a r e  expec ted  t o  y i e l d  more 

d e t a i l s  of  t h e  g e n e r a t i o n  p r o c e s s  t h a n  h e r e t o f o r e  p o s s i b l e .  

B  , REEAT IONSHIP BETWEEN VEF PHENOhIENA AND MAGNETIC DISTURBANCES 

S e v e r a l  VLF phenomena were found t o  depend on magnet ic  a c t i v i t y ,  

Among t h e s e ,  t h e  banded c h o r u s ,  d e s c r i b e d  i n  Appendix A . 7 ,  o c c u r s  much 

more f r e q u e n t l y  when t h e  v a l u e  o f  K i s  above 2 t h a n  when i t  l i e s  
P  

between 0 and 2. 

Even more s i g n i f i c a n t l y ,  t h e  o n s e t  of b u r s t s  of b o t h  h i g h p a s s  and 

broadband n o i s e s  (Appendix A,9 )  observed i n  060 3- was Pound t o  c o i n c i d e  

w i t h  t h e  eornmeric~meni o f  sr-lbsto~m acd iv r ty  a s  o i ~ s e r v e d  i n  t h e  p o l a r  r e g l o n s ,  



The t ime  l a p s e  between t h e s e  o n s e t s  was l e s s  t h a n  2 minutes ,  even when t h e  

s a t e l l i t e  was beyorid 18 e a r t h  r a d i i ,  

A c u r r e n t  s t u d y  of MR ( m a g n e t o s p h e r i c a l l y  r e f l e c t e d )  w h i s t l e r s  ( s e e  

Appendices A . 1 ,  A,2 and A,5) shows t h a t  t h e i r  occur rence  i s  s t r o n g l y  

dependent  o n  t h e  p r e c e d i n g  magnet ic  a c t i v i t y .  Thus, dur ing  s e v e r a l  days  

a f t e r  a  l a r g e  s torm,  when t h e  plasmapause is g r a d u a l l y  r e c o v e r i n g  from i ts  

low L v a l u e ,  i t  i s  obse rved  t h a t  MR w h i s t l e r s  a r e  b a r r e d  from t h e  r e c o v e r y  

r e g i o n  between . the innermos t  L - s h e l l  r eached  by t h e  plasmapause and i t s  

" s t e a d y  s t a t e "  p o s i t i o n ,  t y p i c a l l y  a t  L = 4 (Edgar,  p r i v a t e  communication).  

Changes i n  w h i s t l e r  occur rence  and n o i s e  c h a r a c t e r i s t i c s  a c r o s s  t h e  

plasmapause have been  used t o  s t u d y  t h a t  boundary i n  a  c o r r e l a t i v e  s t u d y  

(Appendix A.19) w i t h  T a y l o r ' s  exper iment  on a 0  3 .  

C. TRIGGERING OF VLF EAfISSIONS BY WHISTLERS AND MAN-MADE SIGNALS 

A t  t h e  060-1 and 060-3 o r b i t s  t h e  most common e m i s s i o n s  e x c i t e d  by 

w h i s t l e r s  a r e  t h o s e  r e l a t e d  t o  t h e  h i g h e s t  f r e q u e n c i e s  i n  MR components 

( s e e  f o r  i n s t a n c e  F i g u r e s  1 and 3 of Appendix A. l ) .  These n o i s e s  have 

been i n t e r p r e t e d  i n  t e rms  of  Landau growth due t o  a  secondary  peak i n  t h e  

e l e c t r o n  energy  spec t rum (Appendix A.3). Due t o  t h e  MR r e f l e c t i o n  n e a r  t h e  

lower  h y b r i d  resonance  (LHR), e m i s s i o n s  o f  t h i s  t y p e  a r e  seldom observed 

a t  t h e  p o l a r  OGO s a t e l l i t e s ,  and were n e v e r  r e c e i v e d  a t  ground s t a t i o n s .  

Converse ly ,  e m i s s i o n s  of t h e  t y p e  g e n e r a l l y  observed a t  t h e  ground 

and t r i g g e r e d  by w h i s t l e r s  o r  man-made s i g n a l s  a r e  more commonly observed 

i n  t h e  p o l a r  NO'S t h a n  a t  h i g h  a l t i t u d e s ,  A d i s c u s s i o n  of t h e s e  i s  g i v e n  

i n  t h e  0430-2 and 0433-4 r e p o r t .  

D. RELATIONSHIP OF V W  PHEMOmNA TO INTERACn'EONS, RESONANCES AND CUTOFFS 

IN THE PLASRIIA 

The m a g n e t o s p h e r i c a l l y  r e f l e c t e d  (MR) w h i s t l e r s  p rov ide  ev idence  f o r  



t h e  r e f l e c t i o n  of VLF waves i n  t h e  magnetosphere n e a r  t h e  lower h y b r i d  

resonance (LHR) f requency  (Appendices A . 1 ,  A,2 and A.5).  The low frequency 

c u t o f f s  o f  t h e s e  w h i s t l e r s  were a t t r i b u t e d  t o  Landau damping due t o  a 

secondary  peak i n  t h e  e l e c t r o n  energy spec t rum (Appendix A.3). 

An a b r u p t  c u t o f f  o f  s i g n a l s  from LF t r a n s m i t t e r s  h a s  been observed 

a t  060 1 n e a r  t h e  l o c a l  e l e c t r o n  gyrof requency  (Appendix A.4). C u r r e n t  

s t u d i e s  aim a t  a s c e r t a i n i n g  t o  what e x t e n t  t h i s  phenomenon is  due t o  

a b s o r p t i o n  a s  opposed to  d e f o c u s i n g  n e a r  t h e  resonance ,  

S e v e r a l  o t h e r  r e sonance  and c u t o f f  phenomena have been d i scovered  a t  

low a l t i t u d e s  and a r e  d i s c u s s e d  i n  t h e  (320-2 and 060-4 r e p o r t .  

E. VALIDITY OF THE MAGNID'OIONIC DUCT THEORY; DUCT CHARAC'I'ERISTICS 

A s i g n i f i c a n t  r e s u l t  from t h e  060-1 and 060-3 r e s e a r c h  was t h e  

c o n f i r m a t i o n  o f  t h e  e x i s t e n c e  of  w h i s t l e r  d u c t s  (Appendix A . 1 1 ,  d e t e r m i n a t i o n  

of t h e i r  p h y s i c a l  c h a r a c t e r i s t i c s ,  and v e r i f i c a t i o n  of t h e  p r e d i c t e d  prop- 

e r t i e s  o f  w h i s t l e r  mode p r o p a g a t i o n  a long  them (Appendix A . 6 ) .  Among t h e s e ,  

i t  i s  wor thwhi le  t o  ment ion t h e  i n t e r p r e t a t i o n  of t h e  upper  c u t o f f  of  ground 

w h i s t l e r s  a s  u n t r a p p i n g  r a t h e r  t h a n  a b s o r p t i o n ,  and t h e  v a l i d i t y  o f  b o t h  

t h e  s t r i c t l y  l o n g i t u d i n a l  approx imat ion  f o r  d u c t e c  p r o p a g a t i o n  and t h e  

h y d r o s t a t i c  model o f  t h e  p lasmasphere  t o  c a l c u l a t e  nose  f r e q u e n c i e s  and 

t r a v e l  t imes .  S i n c e  most r e s u l t s  based  on ground w h i s t l e r  d a t a  r e l y  on 

t h e s e  assumption,  t h i s  v e r i f i c a t i o n  is  of c r u c i a l  importance .  

F. WHISTLERS WITH ANOMALOUS SPECTRA 

Study  of OGO-1 d a t a  l e d  t o  t h e  d i s c o v e r y  and i n t e r p r e t a t i o n  of w h i s t l e r s  

11 p r e s e n t i n g  anomalous'' d i s p e r s i o n ,  such  a s  t h e  MR and Nu w h i s t l e r s  (Appendices 

A ,  1, A,2 and A. 5 ) .  Data from OGO 3 have a l s o  shown r i s i n g  t o n e s  a s s o c i a t e d  

w i t h  duc ted  w h i s t l e r s .  Through r a y  t r a c i n g s ,  t h e s e  r i s i n g  t o n e s  have been  



i n t e r p r e t e d  a s  l e a k a g e s  from d u c t s  t h a t  a r e  beyond t h e  s a t e l l i t e  i n  L  

space  (Appendix A.  61,  

S e v e r a l  o t h e r  w h i s t l e r s  w i t h  anomalous s p e c t r a  were observed a t  lower  

a l t i t u d e s  and a r e  d i s c u s s e d  i n  t h e  NO-2 and NO-4 r e p o r t .  

G . ATTENUATION CHARACTERISTICS OF WHISTLER-MODE PATHS 

I n t e n s i t i e s  of s i g n a l s  from VLF t r a n s m i t t e r s  measured a t  t h e  060 1 

o r b i t  were found i n  good agreement w i t h  t h e o r e t i c a l  p r e d i c t i o n s  (Appendix 

A.13). A s i m i l a r  and more d e t a i l e d  s t u d y  u s i n g  OGO-4 VLF d a t a  is d e s c r i b e d  

i n  t h e  NO-2 and NO-4 r e p o r t ,  

He VARIATION OF ELEmRON DENSITY WITH POSITION 

S e v e r a l  c h a r a c t e r i s t i c s  of  t h e  VLF d a t a  have been used t o  d e t e c t  

v a r i a t i o n s  of  e l e c t r o n  d e n s i t y  w i t h  p o s i t i o n .  For  i n s t a n c e ,  d i s p e r s i o n  

p r o p e r t i e s  of Nu w h i s t l e r s  i n d i c a t e d  t h a t  t h e  e l e c t r o n  d e n s i t y  was a  

f u n c t i o n  of  l a t i t u d e  a t  t h e  t ime  of  t h e  o b s e r v a t i o n s  (Appendix A.5). 

From i n  s i t u  o b s e r v a t i o n s  of w h i s t l e r  d u c t s  s e v e r a l  o f  t h e i r  p h y s i c a l  

c h a r a c t e r i s t i c s  were de te rmined  f o r  t h e  f i r s t  t ime .  It was conf i rmed t h a t  

t h e y  a r e  enhancements of i o n i z a t i o n ,  t h e  r e l a t i v e  enhancements r a n g i n g  

from 6% t o  20% o v e r  t h e  background. T h e i r  t h i c k n e s s e s  i n  L s p a c e  a r e  of 

t h e  o r d e r  of 0.05 e a r t h  r a d i i ,  and t h e i r  w i d t h s  i n  l o n g i t u d e  4  t o  8 t imes  

a s  much a t  t h e  e q u a t o r  (Appendix A.6). 

Abrupt changes  of  w h i s t l e r  o c c u r r e n c e  and n o i s e  c h a r a c t e r i s t i c s  were 

found a c r o s s  t h e  plasmapause,  a s  determined bo th  by i o n  d e n s i t y  measurements 

a t  t h e  s a t e l l i t e  and by w h i s t l e r  d a t a  from ground s t a t i o n s  (Appendix A. 1 1 ) .  

T h i s  r e s u l t  n o t  o n l y  e v i d e n c e s  t h e  changes  i n  VLF a c t i v i t y  a c r o s s  t h e  plasma- 

pause ,  b u t  c o n f i r m s  t h e  t h r e e  d imens iona l  n a t u r e  o f  t h i s  boundary and 

e s t a b l i s h e s  a  new method f o r  s t u d y i n g  i t s  c h a r a c t e r i s t i c s .  (A more complete 

s t u d y  o f  t h i s  k ind is d e s c r i b e d  i n  t h e  060-2 and OGO-4 r e p o r t . )  
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A d e c r e a s e  i n  i n t e n s i t y  of t h e  high f requency  i n v e r t e r  s i g n a l s  observed 

i n  inbound p a s s e s  o f  K O  l c o i n c i d e s  w i t h  t h e  plasmapause c r o s s i n g  (Appendix 

A. l2 ) ,  T h i s  phenomenon i s  under s t u d y  and may prov ide  a v e r y  high r e s o l u t i o n  

o f  t h e  d e n s i t y  p r o f i l e  a c r o s s  t h e  plasmapause. 

I .  ELECTRIC FIELD AND ELF PHENOMENA (060-3 ONLY) 

ELF (20  - 300 Hz) e m i s s i o n s  were observed by OGO 3 i n  t h e  magnetosheath,  

T h e i r  o c c u r r e n c e  c o r r e l a t e s  w i t h  r a p i d  v a r i a t i o n s  of t h e  l o c a l  magnet ic  f i e l d ,  

and t h e i r  c e n t e r  f requency  is n e a r  one q u a r t e r  of t h e  l o c a l  e l e c t r o n  gyro-  

f requency.  These  e m i s s i o n s  were observed b o t h  by t h e  e l e c t r i c  and magnet ic  

s e n s o r s  of exper iment  B 1 7  (Appendix A.lO). The i n t e r p r e t a t i o n  of t h e s e  

o b s e r v a t i o n s  i s  s t i l l  under  i n v e s t i g a t i o n ,  

J. NEW PHENOMENA 

New VLF phenomena d i scovered  i n  t h e  OGO-1 and OGO-3 d a t a  and a l r e a d y  

d i s c u s s e d  i n c l u d e :  

- MR w h i s t l e r s  (Appendices A.1 ,  A.2 and A.3). 

- Nu w h i s t l e r s  (Appendices A . l  and A.5). 

- l e a k a g e s  from d u c t s  (Appendix A.6). 

- banded chorus  (Appendix A.7). 

- highpass  and broadband n o i s e  (Appendix A.9). 

- ELF emiss ions  i n  t h e  magnetosheath (Appendix A.lO),  

Another new phenomenon, t h e  s u p e r  gyrof requency  (sG) w h i s t l e r  observed 

a t  060 3 o u t s i d e  t h e  plasmapause (Appendix A.l4),  i s  s t i l l  under  i n v e s t i -  

g a t i o n .  The i n t e r p r e t a t i o n  of t h i s  phenomenon r e l i e s  on s imul taneous  ground 

d a t a  recorded  n e a r  t h e  f o o t  o f  t h e  f i e l d  l i n e  p a s s i n g  through t h e  s a t e l l i t e ,  

a t  t h e  G r e a t  Whale River  S t a t i o n  i n  Canada and Byrd S t a t i o n  i n  A n t a r c t i c a .  

M, VLF NOISE SURVEY 

A su rvey  of t h e  TVTfUP n o i s e  &served by W-Q 1 was c a r r i e d  o u t  o v e r  
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t h e  f i r s t  hundred o r b i t s  (Appendix A . 8 ) .  The r e g i o n  su rveyed  i n c l u d e s  

a l l  l o c a l  t i m e s  and t h e  range o f  d i p o l e  l a t i t u d e s  from 0  t o  50 degrees .  

F i g u r e  16 i l l u s t r a t e s  t h e  maximum i n t e n s i t y  of w h i s t l e r  mode n o i s e  

( t y p i c a l l y  o c c u r r i n g  below a  few hundred H e r t z )  a s  f u n c t i o n  of l o c a l  t ime 

and L-value.  I t  shows two r e g i o n s  o f  h i g h  n o i s e  i n t e n s i t y  i n  t h e  days ide  

and a  q u i e t  r e g i o n  b e g i n n i n g  a t  00 LT and ending a t  02 t o  06 LT. (At 

low a l t i t u d e s ,  OGO-4 d a t a  have a l s o  shown a  marked d e c r e a s e  i n  ELF a c t i v i t y  

a t  t h e s e  t i m e s  ( C r y s t a l ,  p r i v a t e  communication).)  O u t s i d e  t h e  average  

p o s i t i o n  o f  t h e  magnetopause, t h e  i n t e n s i t y  and occur rence  of  w h i s t l e r -  

mode n o i s e  was obse rved  t o  d e c r e a s e .  Noise up t o  s e v e r a l  kHz h a s  been 

obse rved  a t  t h e  shock boundary.  O u t s i d e  t h e  shock l i t t l e  n o i s e  was ob- 

s e r v e d ,  excep t  f o r  h i g h p a s s  n o i s e  a s  d e s c r i b e d  below. 

The su rvey  a l s o  r e v e a l e d  two new k i n d s  of n o i s e ,  h i g h p a s s  and broad- 

band n o i s e ,  bo th  e x t e n d i n g  above t h e  l o c a l  e l e c t r o n  gyrof  requency.  It was 

found t h a t  t h e s e  n o i s e s  and t h e  whis t ler -mode n o i s e  a r e  mutua l ly  e x c l u s i v e  

(Appendix A. 9 ) .  

A band of  d i s c r e t e  e m i s s i o n s  (banded c h o r u s )  was a l s o  observed o u t s i d e  

t h e  plasmapause,  w i t h  a  c e n t e r  f r equency  a t  0.3 t o  0.5 of  t h e  minimum gyro- 

f r e q u e n c y  a long  t h e  f i e l d  l i n e  p a s s i n g  th rough  t h e  s a t e l l i t e  (Appendix A.7). 



V.  APPENDIX A 

Appendix A c o n t a i n s  i l l u s t r a t e d  a b s t r a c t s  of r e s e a r c h  t o p i c s  

( b o t h  p u b l i s h e d  and unpubl ished r e s u l t s ) .  



MAGNETOSPHERIC PROPERTIES DEDUCED FROM OGO-1 OBSERVATIONS OF 
DUCTED AND NONDUCTED WHISTLERS (R. L. Smith and J .  J .  Angerami, 
J .  Geophys. R e s . ,  73, 1, 1968.) - 

The Staaf ord ~ n i v e r s  i ty / s t an f  ord Research I n s t i t u t e  VLF experiment 

on OGO 1 has revealed some basic f e a t u r e s  of bath ducted and nonducted 

whistler-mode propagation i n  t h e  magnetosphere. Two new types of whis t l e r ,  

t he  "magnetospherically r e f l e c t e d "  and the  "NU" wh i s t l e r  were iden t i f i ed  

and q u a l i t a t i v e l y  explained. Analysis of magnetospherically r e f l ec ted  

and Nu whis t l e r s  provides support f o r  t h e  v a l i d i t y  of ~ i m u r a ' s  C19661 

ray  t r a c i n g  r e s u l t s ,  and f o r  the  d i f f u s i v e  equil ibrium model of the  d i s -  

t r i b u t i o n  of ion iza t ion  along the  geomagnetic f i e l d  l i n e s .  In t h i s  study 

t h e  f i r s t  d i r e c t  evidence of whis t l e r  "ductstt  i n  t h e  magnetosphere was 

obtained through ana lys i s  of the  d i spe r s ion  proper t ies  of a  s e t  of 

w h i s t l e r s  received on OGO 1. 

Figure 1. OGO-1 frequency-time record of a  "magnetospherically r e f l ec ted  
1 I wh i s t l e r .  The whis t l e r  r e s u l t s  from d i spe r s ive  propagation 

of l igh tn ing  energy i n  the  nonducted whis t l e r  mode i n  the  
magnetosphere. The separa te  t r aces  r e s u l t  from successive 
r e f l e c t i o n s  i n  t h e  magnetosphere, as  indicated roughly i n  
Figure 2.  

Figure 2. An examplkof one of many ray paths which produce the  "mag- 
ne tospher ica l ly  ref lec ted ' '  wh i s t l e r  shown i n  Figure 1. The 
d i spe r s ion  p roper t i e s  of the  whis t l e r  r e s u l t  from propagation 
over a  wide range of the  magnetosphere and thus y ie ld  infor-  
mation on e lec t ron  and ion  d e n s i t i e s  over t h i s  range. 

Figure 3.  Complex forms of magnetospherically r e f l e c t e d  whis t l e r s  and 
r e l a t e d  phenomena. The whis t l e r s  shown here a r e  obviously 
more complex than those shown i n  Figure 1. The complete 
explanation of these  whis t l e r s  is  ye t  t o  be found, but some 
preliminary r e s u l t s  a r e  discussed by Smith and Angerami 119683. 

Reference 

Kimura, I.,  Ef fec t s  of ions on whistler-mode ray t r ac ing ,  Radio Science, 
l(new s e r i e s ) ,  269, 1966. - - 



OGO - I (ROS) 8 NOV 65 
MR MR MR MR 5M_R $R 1, 19 3- 3+ 

kHz r t r  + t 1130:38 UT 

" 
4 I I I I I 
0 I 2 ' 3 4 5 6 sec 

F i g u r e  1 



f = I kc/s 
INITIAL WAVE NORMAL ANGLE = O0 
INITIAL LATITUDE = 30° N 
D(I )  MODEL 

Figure 2 



OGO - 1 18 MAR 65 1 724 - 1930 LMT 

F i g u r e  3 



THE MAGNETOSPHERICALLY REFLECTED WHISTLER ( B .  Edgar,  r e s e a r c h  i n  
p r o g r e s s . )  

A common form of  nonducted w h i s t l e r  observed by O G O ' s  1 and 3 i n -  

s i d e  t h e  plasmasphere  i s  t h e  magne tospher ica l ly  r e f l e c t e d  (MR) w h i s t l e r .  

The f requency- t ime spec t rograms  of a  s u c c e s s i o n  of f o u r  MR w h i s t l e r s  

a r e  shown i n  F i g u r e  4  ( s e e  a l s o  F i g u r e  1 ) .  Each MR w h i s t l e r  c o n s i s t s  

of many components c h a r a c t e r i z e d  by low (2-4 kHz) "nosef '  f r e q u e n c i e s  . 
The f i r s t  component has  an Eckers ley  I s  law d i s p e r s i o n  and is  a  nonducted 

f r a c t i o n a l - h o p  w h i s t l e r  which e n t e r e d  t h e  base  of t h e  ionosphere  a t  

0 -- 30 N. The second component is formed by a  nonducted w h i s t l e r  which 

0 
s t a r t s  a t  - 25 N and p r o p a g a t e s  roughly  a long t h e  magnet ic  f i e l d  l i n e .  

The wave normal of t h i s  w h i s t l e r  t e n d s  t o  l a g  behind t h e  e a r t h ' s  magnet ic  

0 
f i e l d  and approaches 90 . A s  long a s  t h e  f requency  of t h e  s i g n a l  is 

g r e a t e r  t h a n  t h e  l o c a l  lower hybr id  f requency  (LHR), t h e  w h i s t l e r  r a y  

p a t h  c l o s e l y  f o l l o w s  a  magnet ic  f i e l d  l i n e  a c r o s s  t h e  magnetic e q u a t o r  

a t  L N 2 and i n t o  t h e  s o u t h e r n  hemisphere.  A s  soon a s  t h e  LHR becomes 

h i g h e r t h a n  t h e  f requency  of t h e  w h i s t l e r ,  t h e  r e f r a c t i v e  index s u r f a c e  

0 
c l o s e s  a t  90 and a l lows  t h e  w h i s t l e r  r a y  t o  be r e f r a c t e d  and i t s  

d i r e c t i o n  t o  be r e v e r s e d .  S i n c e  t h e  r e f r a c t i o n  p r o c e s s  occurs  i n  a  

s m a l l  r e g i o n ,  it  i s  c a l l e d  a  " r e f l e c t i o n " ;  t h u s  t h e  o r i g i n  of t h e  term 

' tmagne tospher ica l ly  r e f l e c t e d  w h i s t l e r . "  A f t e r  be ing  r e f l e c t e d ,  t h e  

w h i s t l e r  p ropaga tes  towards  t h e  magnet ic  e q u a t o r ,  where i t  i s  e v e n t u a l l y  

observed by t h e  s a t e l l i t e  a t  L  - 2 . 5 .  The t h i r d  component is formed 

by a  w h i s t l e r  which undergoes a  r e f l e c t i o n  i n  t h e  s o u t h e r n  hemisphere,  

p ropaga tes  i n t o  t h e  n o r t h e r n  hemisphere ,  and undergoes a  r e f l e c t i o n  t h e r e .  

A f t e r  t h e  second r e f l e c t i o n  t h e  w h i s t l e r  is observed i n  t h e  e q u a t o r i a l  



r e g i o n  by t h e  s a t e l l i t e .  Accord ing ly ,  t h e  h i g h e r  o r d e r  components 

undergo many r e f l e c t i o n s  b e f o r e  be ing  observed by t h e  s a t e l l i t e .  The 

changes  i n  t h e  s p a c i n g  p a t t e r n  between i n d i v i d u a l  components a r e  caused 

by t h e  r e l a t i v e  s h o r t e n i n g  and l e n g t h e n i n g  of r a y  p a t h s  a s  t h e  s a t e l l i t e  

changes  l a t i t u d e .  

R a y t r a c i n g s  were s u c c e s s f u l l y  used i n  t h e  i n t e r p r e t a t i o n  of MR 

w h i s t l e r s .  F i g u r e  4 shows t h e  good agreement achieved between t h e  

t r a v e l  times observed and c a l c u l a t e d  by t r a c i n g  r a y s  i n  a  model magneto- 

s p h e r e .  Ray t r a c i n g  s t u d i e s  of MR w h i s t l e r s  have a l s o  shown t h a t  t h e i r  

s p e c t r a  embody i n f o r m a t i o n  a b o u t  t h e  s t r u c t u r e  of t h e  i n n e r  magnetosphere .  

Thus,  they  a r e  ve ry  v a l u a b l e  i n  e v a l u a t i n g  changes i n  t h e  magnetosphere  

s u c h  a s  d u e  t o  magnet ic  s t o r m s .  

F i g u r e  4 .  Frequency-time s p e c t r a  of a  sequence of MR w h i s t l e r s  i l l u s t r a -  
t i n g  t h e  change i n  s p a c i n g  between components a s  t h e  s a t e l l i t e  
moves from t h e  s o u t h e r n  t o  t h e  n o r t h e r n  hemisphere .  The 
c a u s a t i v e  l i g h t n i n g  s o u r c e s  were l o c a t e d  i n  t h e  n o r t h e r n  hemi- 
s p h e r e .  The s o l i d  l i n e s  r e p r e s e n t  t h e  a c t u a l  MR w h i s t l e r s  
obse rved ,  and t h e  d o t t e d  l i n e s  and c i r c l e s  r e p r e s e n t  t h e  
c a l c u l a t e d  t ime  d e l a y s  computed by r a y  t r a c i n g .  The d e n s i t y  
model used was a  s i m p l e  d i f f u s i v e  e q u i l i b r i u m  w i t h  50% H+ and 
50% 0+ a t  a  1000 km a l t i t u d e .  The s m a l l  t i m e  d e l a y  d i s c r e p -  
a n c i e s  above t h e  n o s e  f r e q u e n c i e s  a r e  due t o  t h e  f a c t  t h a t  
t h e  model does  n o t  i n c l u d e  a l l  of t h e  v e r t i c a l  and h o r i z o n t a l  
g r a d i e n t s  p r e s e n t  a l o n g  t h e  w h i s t l e r  r a y  p a t h s .  



Figure  4 
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UNDUCTED WHISTLER EVIDENCE FOR -4 SECONDARY PEAK I N  THE ELECTRON 
ENERGY SPECTRUM NEAR 10 KEV (Re M .  Thorne, J .  Geophys . Res . , 7 3 ,  - 
4895, 1968.)  

The upper and lower f requency  c u t o f f s  a s  w e l l  a s  c e r t a i n  growth 

f e a t u r e s  of magne tospher ica l ly - re f  l e c t e d  w h i s t l e r s  a r e  exp la ined  i n  

t e rms  of Landau damping by an ambient e l e c t r o n  d i s t r i b u t i o n  t h a t  h a s  a 

secondary  peak i n  t h e  v i c i n i t y  of 10 kev.  



ABRUPT CUTOFF OF WHISTLER-MODE SIGNALS NEAR TKE LOCAL ELECTRON 
GYROFREQUENCY (N. Dunckel and R .  A .  H e l l i w e l l ,  r e sea rch  i n  p r o g r e s s . )  

S igna l s  from low-f requency ground-based t r a n s m i t t e r s  a r e  commonly 

observed i n  t h e  ou tput  of t h e  band 3  sweeping r e c e i v e r  on OGO 1. On 

outbound pas se s ,  t r ansmis s ions  i n  t h e  range 70-100 kHz a r e  o f t e n  observed 

t o  drop sha rp ly  i n  i n t e n s i t y  when f / f  t h e  r a t i o  of s i g n a l  frequency 
H' 

t o  l o c a l  e l e c t r o n  gyrofrequency, r i s e s  t o  - 0.9 .  Figure 5 shows t h e  

i n t e n s i t y  of s i g n a l s  from a  t r a n s m i t t e r  a t  82 kHz toge the r  wi th  
H 

versus  t ime .  Wear 1042 UT the  observed s i g n a l s  drop 20 db,  reaching t h e  

th reshold  l e v e l .  A t  t h i s  time f / f H  = 82.0/87.5 = 0.94. F luc tua t ions  

p r i o r  t o  t h i s  dec rease  may be due t o  mul t i -pa th  f ad ing .  S tudies  a r e  

p re sen t ly  underway t o  a s c e r t a i n  i f  t h e  sha rp  dec rease  may be caused by 

t h e  i nc reas ing  d ivergence  of r ays  as  
H 

approaches the  s i g n a l  frequency 

o r  i f  it may be caused by Landau damping. 

F igure  5 .  Abrupt dec rease  of s i g n a l  i n t e n s i t y  from ground-based t r a n s -  
m i t t e r  a s  f  H, t h e  l o c a l  e l e c t r o n  gyrofrequency, near  s i g n a l  
f requency.  P l o t  shows i n t e n s i t y  of s i g n a l  i n  db  above 1 gamma 
r m s  a t  82  kHz recorded on an outbound pass  versus  u n i v e r s a l  
t ime.  Va r i a t i on  of f H  a t  t h e  s a t e l l i t e  i s  a l s o  p l o t t e d  from 
ephemeris.  S igna l  i n t e n s i t y  drops about 20 db a t  1041:51, 
when f  = 87.5 kHz. The rea f t e r  s i g n a l  l i e s  below threshold  
of r e c e i v e r .  Data were recorded December 23, 1964. A t  1041 UT 
t h e  s a t e l l i t e  was a t  L  = 3.8 and a t  a  magnetic l a t i t u d e  of 
38O. 





APPLICATION OF THE NU WHISTLER TO MAGNETOSPHERIC DENSITY PROFILES 
( B .  Edgar, r e sea rch  i n  progress )  

A t  l a t i t u d e s  of 25 t o  30' t h e  s e p a r a t e  t r a c e s  of t h e  magnetospher- 

i c a l l y - r e f l e c t e d  w h i s t l e r  ( s e e  i tems A . 1  and A.2) a r e  f r equen t ly  joined 

a t  a  minimum frequency,  r e s u l t i n g  i n  t h e  "Nu" w h i s t l e r .  An example of 

t h e  Nu w h i s t l e r  i s  shown i n  F igure  6 .  The p o s i t i o n  of t h e  r e f l e c t i o n  

of t h e  lowest Nu-whistler frequency is known t o  be near  t h e  s a t e l l i t e ,  

and from t h i s  added informat ion  we have shown t h a t  a t  t h e  t ime these  

d a t a  were recorded t h e  model of i o n i z a t i o n  d e n s i t y  i n  t h e  magnetosphere 

included a  dependence on l a t i t u d e  ( s ee  F igure  7 ) .  By applying more 

s o p h i s t i c a t e d  models, inc lud ing  a  l a t i t u d i n a l  dependence, a d d i t i o n a l  

d e t a i l  on t h e  plasma d e n s i t y  d i s t r i b u t i o n  i s  being obta ined .  

F igure  6 .  Frequency-time record of a  l l ~ u l t  w h i s t l e r  received on OGO 1. 
The w h i s t l e r  t r a c e  between 1 and 2 s e c  has t h e  appearance of 
t h e  r e v e r s e  of t h e  Greek l e t t e r  v and is  termed a  "NU" 

w h i s t l e r .  The jo in ing  o r  minimum frequency of t h e  Nu w h i s t l e r  
i s  approximately 1 .7  kHz. 

Figure 7 .  Resu l t  of ray  t r a c i n g  i n  t h e  magnetosphere f o r  waves a t  1 . 7  kHz. 
The dashed curves show t h e  r ay  p a t h  and t h e  locus of p o s s i b l e  
r e f l e c t i o n  p o i n t s  f o r  t h e  j o i n i n g  frequency of a  Nu w h i s t l e r  
based on a  plasma d e n s i t y  model having no v a r i a t i o n  wi th  
l a t i t u d e .  The s o l i d  curves  show a ray  pa th  and locus of 
p o s s i b l e  r e f l e c t i o n s  f o r  a  f i e ld -a l i gned  model having a  base 
l e v e l  v a r i a t i o n  of d e n s i t y  a s  shown i n  t h e  lower p a r t  of t h e  
f i g u r e  . 
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WHISTLER DUCT PROPERTIES DEDUCED FROM V U  OEEERVATIONS MADE WITH 
THE OGO-3 SATELLITE NEAR THE MAGNETIC EQUATOR ( J .  J .  Angerami, 
submi t t ed  t o  J . Geophys . Res . ,1970)  

While t h e  g r e a t  m a j o r i t y  of ground w h i s t l e r s  a r e  i n t e r p r e t e d  a s  

i n d i r e c t  ev idence  of magnetospher ic  d u c t s ,  t h e  f i r s t  d i r e c t  ev idence  of 

d u c t s  was ob ta ined  from t h e  S t a n f o r d  broadband VLF exper iments  on 060 1 

[Smith and Angerami, 19681 and OGO 3 .  The p r e s e n t  paper  is  a  c a s e  s t u d y  

of QGO-3 d u c t  o b s e r v a t i o n s  made d u r i n g  t h e  inbound pass  of 15 June  1966, 

On t h i s  pass  f i v e  d i s c r e t e  w h i s t l e r  d u c t s  were encountered by OGO 3  

between L  = 4.7 and 4 . 1 .  Each d u c t  was c h a r a c t e r i z e d  by r e c e p t i o n  

a t  t h e  s a t e l l i t e  of duc ted  w h i s t l e r s  w i t h  a  d i s t i n c t  s p e c t r a l  shape ,  

a l o n g  w i t h  t h e  high-f requency p o r t i o n s  of w h i s t l e r s  ( l e a k a g e s )  t h a t  

propagated inward from o u t e r  d u c t s .  F i g u r e  8  shows a  model of t h e  

p r o p a g a t i o n  p a t h s  and cor responding  s p e c t r a .  F i g u r e  9  i l l u s t r a t e s  

a c t u a l  d a t a  r e c e i v e d  i n  t h e  f i f t h  d u c t  t r a v e r s e d .  

The d a t a  were i n t e r p r e t e d  i n  d e t a i l  by r a y  t r a c i n g  i n  a  model 

magnetosphere t h a t  i n c l u d e s  d u c t s  of enhanced i o n i z a t i o n .  A s  an 

i l l u s t r a t i o n ,  F i g u r e  10 shows t h e  c a l c u l a t e d  r a y  t r a j e c t o r y  of a  l eakage  

from t h e  second t o  t h e  f i f t h  d u c t .  The f requency  is  8 .7  kHz, cor respond-  

i n g  t o  t h e  h i g h e s t  f requency  of L2 i n  F i g u r e  9 .  The c a l c u l a t e d  and 

observed t r a v e l  t imes  a g r e e  w i t h i n  f i v e  p e r c e n t .  

A n a l y s i s  of t h e  d a t a  y i e l d e d  t h e  f o l l o w i n g  c o n c l u s i o n s  : 

1. The L - s h e l l  t h i c k n e s s e s  of t h e  observed d u c t s  ranged between 
0 .035 and 0  .070 e a r t h  r a d i i ,  and t h e  i n t e r d u c t  s e p a r a t i o n s  
ranged between 0.017 and 0.18 e a r t h  r a d i i .  

2 .  The dimension of t h e  d u c t s  i n  l o n g i t u d e  was e s t i m a t e d  t o  be 
0 

on t h e  o r d e r  of 4  , o r  0 . 3  e a r t h  r a d i i  a t  t h e  e q u a t o r ,  a  
f a c t o r  of - 4-8 g r e a t e r  than  t h e  E - s h e l l  d imensions .  F i g u r e  
11 shows a  c r o s s  s e c t i o n  model of t h e  d u c t  d i s t r i b u t i o n  which 
i s  c o n s i s t e n t  w i t h  t h e  p r e s e n t  o b s e r v a t i o n s  and w i t h  ground 
o c c u r r e n c e  of w h i s i i e r s .  
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3 .  The w h i s t l e r  duc t s  a r e  much more l i k e l y  t o  be enhancements 
than t roughs .  

4 .  The minimum enhancement f a c t o r s  needed t o  t r a p  f requenc ies  up 
t o  ha l f  t h e  e l e c t r o n  gyrofrequency a r e  on t h e  o rde r  of 674, 
smal le r  va lues  producing upper c u t o f f s  a t  f requenc ies  below 
ha l f  t h e  gyrofrequency.  Analysis  of e l e c t r o n  d e n s i t y  e q u a t o r i a l  
p r o f i l e s  determined by ground w h i s t l e r s  i n d i c a t e s  t h a t  t h e  
enhancement i n  duc t s  i s  gene ra l l y  l e s s  than  22%. The r a d i a l  
v a r i a t i o n  of e l e c t r o n  dens i ty  used i n  t h e  c a l c u l a t i o n s  is  
shown i n  F igure  12,  where enhancements of 10% were i n i t i a l l y  
assumed and then  r ead jus t ed  (duc ts  no. 2 and 3 )  t o  f i t  a l l  
observed t r a v e l  t imes.  

5 .  The upper cu to f f  of ground w h i s t l e r s  is  a  t r app ing  ( r a t h e r  
than abso rp t ion )  e f f e c t .  

6 .  The h y d r o s t a t i c  type  of d i s t r i b u t i o n  of i o n i z a t i o n  along the  
f i e l d  l i n e s  i s  app l i cab l e  i n  t h e  plasmasphere.  

7 .  The t r a v e l  t imes (and frequency of minimum de l ay )  of ducted 
w h i s t l e r s  can be ca l cu l a t ed  wi th  good accuracy by assuming 
pure ly  l o n g i t u d i n a l  p ropaga t ion .  

The d a t a  a l s o  show t h a t  the  leaked s i g n a l s  a r e  confined i n  space ;  

t h e  c r o s s  s e c t i o n  of a  tube  of r ays  spreads  by only  a  f a c t o r  of 3  a f t e r  

l eak ing  from t h e  d u c t .  This  exp la in s  t h e  h igh  i n t e n s i t y  of t h e  leakages.  

The l imi t ed  spreading  has  been confirmed by r a y  t r a c i n g ,  and is due t o  

t h e  e lec t romagnet ic  gu id ing  produced by t h e  an i so t ropy ,  e s p e c i a l l y  as  

t h e  wave frequency approaches t he  gyrofrequency. 

F igure  8 .  To i l l u s t r a t e  ray  t r a j e c t o r i e s  of ducted w h i s t l e r s  and inward 
leakages from o u t e r  d u c t s .  Sketch ( a )  shows t h e  snake- l ike  
ray  t r a j e c t o r i e s  t y p i c a l  of ducted propagat ion a t  frequency 
f  below ha l f  t h e  gyrofrequency. The s a t e l l i t e  a t  So i n  
t h e  o u t e r  d u c t  r ece ives  a  w h i s t l e r  whose time-frequency 
spectrum i s  shown i n  ( b ) .  Sketch ( c )  shows a ray t r a j e c t o r y  
i n  t h e  o u t e r  duc t  a t  a  frequency f '  equa l  t o  ha l f  t h e  gyro- 
frequency a t  po in t  A .  Beyond A t h e r e  i s  no t r app ing  and 
t h e  r a y  bends inward, producing a  leakage Lo observed by 
t h e  s a t e l l i t e  a t  Si. The corresponding time-frequency 
spectrum i s  shown by 

Lo 
i n  (d )  t oge the r  w i t h  t h e  w h i s t l e r  

D i j  
which i s  ducted along t h e  i n n e r  d u c t .  

F igure  9 .  Example of t ime-f requency spectrum of w h i s t l e r  s i g n a l s  received 
by NO-3 whi le  c ros s ing  t h e  f i f t h  ( innermost)  d u c t .  D is 
t h e  w h i s t l e r  ducted along t h e  f i f t h  d u c t ,  L+, L~ an8 L~ 
a r e  t h e  high frequency leakages from t h e  nex t h r e e  o u t e r  
duc t s  ( c f .  F igure  8 c , d ) ,  The h o r i z o n t a l  l i n e s  a r e  i n t e r f e r e n c e  
from t h e  rubidium vapor magnetometer aboard OGO 3 and r ep re sen t  



one q u a r t e r  of t h e  l o c a l  e l e c t r o n  gyrofrequency and i t s  
harmonics . 

Figu re  P O .  Ray t r a j e c t o r y  ca l cu l a t ed  t o  exp la in  t h e  h ighes t  frequency 
of t h e  leakage from t h e  second d u c t  observed by %:-0 3 i n  
t h e  f i f t h  duc t  t r ave r sed  (L  i n  F igure  9 ) .  Beyond p o i n t  A ,  

2  
where t h e  wave frequency equa ls  ha l f  t he  l o c a l  gyrofrequency 
(X = 0 . 5 ) ,  t h e  wave normals (arrows)  tend t o  t u r n  outward 
wi th  r e s p e c t  t o  t h e  geomagnetic f i e l d  and the  r ay  t u r n s  in -  
ward. These e f f e c t s  a r e  most pronounced beyond po in t  B. 

F igure  11. A model of e q u a t o r i a l  c ro s s  s e c t i o n  of w h i s t l e r  duc t s .  The 
heavy-shaded duc t s  were a c t u a l l y  observed by OGO 3 ,  whose 
o r b i t  i s  shown by t h e  dashed l i n e .  The dashed contours  
r e p r e s e n t  duc t s  i n f e r r e d  t o  e x i s t  assuming t h a t  t h e  duc t s  
encountered one p a r t  of a  random d i s t r i b u t i o n  i n  space .  
The longi tude  width of t h e  duc t s  i s  probably accu ra t e  w i th in  
a  f a c t o r  of 2 ;  it was i n f e r r e d  by s e t t i n g  a  lower l i m i t  
based on t h e  absence of leakages from neighboring d u c t s ,  such 
a s  A and B, and an upper l i m i t  based on a  comparison 
between w h i s t l e r  occurrences i n  s a t e l l i t e  and ground d a t a .  

F igure  12 .  Equa to r i a l  p r o f i l e  of e l e c t r o n  d e n s i t y .  The cont inuous l i n e  
r e p r e s e n t s  t h e  model used i n  t h e  c a l c u l a t i o n s .  D i f f e r e n t  
enhancements i n  t he  second and t h i r d  duc t s  were used t o  f i t  
t h e  observed t r a v e l  t imes .  The open c i r c l e s  r e p r e s e n t  
va lues  of d e n s i t y  ca l cu l a t ed  from w h i s t l e r s  rece ived  a t  

0 
Byrd S t a t i o n ,  An ta rc t i ca ,  73 west of t he  OGO-3 mer id ian .  
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BANDED CHORUS--A NEW TYPE OF VLF RADIATION OBSERVED IN TIIE 
MAGNETOSPHERE Ef OGO 1 AND N O  3 (W. B u r t i s  and R .  A .  H e l l i w e l l ,  
J .  Geophys. Res. ,  74, 3002, 1969; W. B u r t i s ,  Engineering T h e s i s . )  - 
The Stanford u n i v e r s i t y / s t a n f o r d  Research I n s t i t u t e  VLF experiments 

on OGO 1 and OGO 3 have provided important  new information on t h e  n a t u r e  

of t h e  ' cho rus '  type  of d i s c r e t e  VLF  emission.  Natura l ly  occur r ing  

chorus emissions have f o r  some yea r s  been observed a t  ground s t a t i o n s ,  

and a  number of t h e o r i e s  have been advanced t o  exp la in  t h e i r  o r i g i n .  

Because of propagat ion f a c t o r s  t h e r e  a r e  s i g n i f i c a n t  d i f f e r e n c e s  between 

t h e  emissions observed on t h e  ground and those  observed i n  t h e  ma.gneto- 

sphe re .  In t h e  p re sen t  s tudy  t h e  l a t t e r  a r e  found t o  occur  p r i m a ~ i l y  

i n  a  s i n g l e ,  s p a t i a l l y  varying frequency band and a r e  termed "banded 

chorus1 ' .  From a n a l y s i s  of banded chorus ,  i t  i s  concluded t h a t  t h e  

emissions a r e  generated i n  t h e  e q u a t o r i a l  p lane  of t h e  e a r t h  a t  d i s t a n c e s  

from 3  t o  10 e a r t h  r a d i i ,  and t h a t  t h e  gene ra t i on  occurs  a t  approxim t e l y  

h a l f  t h e  e l e c t r o n  gyrofrequency.  The l a t t e r  conclusion suppor t s  those  

g e n e r a t i o n  t h e o r i e s  involving doppler -sh i f ted  gyroresonance wi th  trapped 

e l e c t r o n s .  

The OGO-1 and OGO-3 observa t ions  a l s o  show t h a t  banded chorus 

emissions do no t  propagate  e x a c t l y  a long magnetic f i e l d  l i n e s .  The a c t u a l  

r aypa th  has been explained i n  terms of nonducted propagat ion i n  a  model 

magnetosphere. Depending on t h e  ambient p r o p e r t i e s  of t h e  magnetosphere 

and t o p s i d e  ionosphere,  banded chorus may o r  may no t  be observable  a t  

t h e  lower a l t i t u d e s  of OGO 2 and OGO 4 .  These s a t e l l i t e s  provide an 

important  l i n k  between t h e  observa t ions  of d i s c r e t e  V L F  emissions i n  t he  

magnetosphere and on t h e  ground. A s  t h e  understanding of VEF emissions 

becomes more complete,  t h e i r  a n a l y s i s  l eads  t o  new information regarding 



. . L  - +- '7 
both ene rge t i c  and ambient thermal p a r t i c l e  d i s t r i b u t i o n s  i n  the  plasma 

Figure 13. OGO-1 frequency-time record showing t h a t  the  frequency of a 
band of VLF emissions (banded chorus) is s t rongly  re l a t ed  
t o  fHo,  t h e  equa to r i a l  e l ec t ron  gyrofrequency on the  f i e l d  
l i n e  passing through the  s a t e l l i t e .  The banded chorus 
frequency is  evident ly  not  - r e l a t e d  t o  t h e  l o c a l  e l s c t r ~ n  
gyrofrequency fH.  

I 

Figure 14. A computed raypath based on nonducted propagation i n  model 
magnetosphere. The inward devia t ion  of t h e  raypath from 
t h e  magnetic l i n e s  i s  i n  genera l  agreement with the  OGO-1 
and OGO-3 observations of banded chorus. 

Figure 15. A no i se  band c lose ly  resembling the  banded chorus seen by 
OGO 1 is  observed i n  the  tops ide  ionosphere by OGO 2. Such 
observations a r e  r e l a t i v e l y  r a r e  and occur only during 
magnetically d is turbed periods.  
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WHISTLER-MODE EMISSIONS ON THE O G 0 - 1  SATELLITE (N. Dunckel and 
R .  A .  HelliwelL, J .  Geophys. Res. ,  74, 6371, 1969,)  - 

This  paper desc r ibes  t h e  spectrum and i n t e n s i t y  of whistler-mode 

emissions de t ec t ed  by OGO 1 from pe r igee  t o  apogee. One of i t s  major 

c o n t r i b u t i o n s  is  comprehensive evidence t h a t  t h e  upper-frequency end of 

t h e  emission spectrum is  c o n t r o l l e d  by condi t ions  a t  t h e  magnetic 

equa to r .  This  i s  t h e  f i r s t  experimental  confirmation of i t s  kind of an 

hypothes i s  o f t e n  assumed i n  emission gene ra t i on  t h e o r i e s ,  t h a t  emissions 

a r e  genera ted  near  t h e  magnetic equa tor .  Another important c o n t r i b u t i o n  

is  t h e  f i r s t  de te rmina t ion  of t h e  a c t u a l  emission i n t e n s i t y  i n  t h e  

v i c i n i t y  of t h e  equa to r .  In F igure  16 these  i n t e n s i t i e s  i n  db  above 

1 0 ~ ~ ~  ( H z )  - a r e  p l o t t e d  i n  t he  e q u a t o r i a l  plane i n  terms of LMT, 

t h e  l o c a l  mean t ime,  and Ro, t h e  g e o c e n t r i c  d i s t a n c e  i n  e a r t h  r a d i i  

of t h e  magnetic f i e l d  l i n e  pass ing  through t h e  s a t e l l i t e .  The darker  

shading r e p r e s e n t s  a r ea s  of more i n t e n s e  emission a c t i v i t y .  The major 

f e a t u r e s  of t h i s  f i g u r e  a r e  t h e  two reg ions  of i n t e n s e  a c t i v i t y  nea r  t h e  

noon meridian cen te red  a t  R = 4 and 9 ,  and t h e  q u i e t  n i g h t s i d e  
0 

reg ion  commencing a t  midnight which abrupt ly  becomes more a c t i v e  a t  06 

hours .  The o u t e r  a c t i v e  r eg ion  co inc ides  wi th  t h e  r eg ion  of s t r o n g  

f l u x e s  of e l e c t r o n s  i d e n t i f i e d  by Vasyliunas C19681, from t h e  M.I.T. 

modulated Faraday cup d e t e c t o r s  on OGO 1 and OGO 3 .  The q u i e t  n igh t -  

s i d e  r eg ion  appears  t o  be a  d i f f e r e n t  regime, as  d i scussed  i n  i tem B.9 

of t h i s  r e p o r t .  

With t h e  a i d  of F igure  16 ,  t h e  broadband i n t e n s i t y  of emissions 

a t  t h e  equa tor  averaged over  a l l  l o c a l  mean times was est imated as  a  

f u n c t i o n  of g e o c e n t r i c  d i s t a n c e .  These va lues  may then be compared wi th  



t h e  e s t ima te s  of emission i n t e n s i t y  g iven  by Kennel and Petschek [I9661 

assuming t h a t  the  maximum r a d i a t i o n  b e l t  f l uxes  between L = 4 and 

L = 7 a r e  l im i t ed  by i n t e r a c t i o n  wi th  whistler-mode emiss ions .  Since 

t h e  i n t e n s i t y  e s t ima te s  a l l  f a l l  c l o s e  t o  t h e  measured va lues ,  t h e s e  

d a t a  v e r i f y  t h a t  t h e  r a d i a t i o n  b e l t s  a r e  indeed l i k e l y  t o  be g ros s ly  

a f f e c t e d  by whistler-mode waves. Fu r the r  r e sea rch  planned i n  t h i s  area 

inc ludes  a  j o i n t  s tudy  wi th  Vasyliunas t o  i n v e s t i g a t e  i n  d e t a i l  t h e  

r e l a t i o n s h i p  between emissions and low-energy e l e c t r o n  f l u x e s .  

F igure  16 .  I n t e n s i t y  of whistler-mode emissions mapped onto t h e  equa- 
t o r i a l  p lane  versus  l o c a l  mean time i n  hours and Ro,  t he  
g e o c e n t r i c  d i s t a n c e  i n  t h e  e q u a t o r i a l  p lane  of t h e  magnetic 
f i e l d  l i n e  pass ing  through t h e  s a t e l l i t e .  Each number 
r e p r e s e n t s  t h e  average of t h e  peak i n t e n s i t i e s  i n  eac 
through t h a t  LMT-R block i n  db above 10-3y (Hz) 

-1)12PaSS 
0 

Values r ep re sen t ing  threshold  l e v e l s  a r e  i nd i ca t ed  by "<". 
Note two reg ions  of i n t e n s e  emissions near  t h e  noon meridian 
and cen te red  on Ro = 4 and 10.  A t  l o c a l  t i m e s  from 22 
t o  06 hours ,  l i t t l e  o r  no n o i s e  is de t ec t ed  i n  t h e  reg ion  
beyond R, = 6 .  Strong no i se  develops ab rup t ly  near 06 LMT. 
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OBSERVATION O F  TWO NEW LGfl-FREQUENCY N O I S E  PHENUMENA ON OW 1 
(N. Dunckel, B. F i c k l i n ,  L .  B. Rorden and R .  A .  H e l l i w e l l ,  
J :  Geophgs; R e s , ,  75,  March 1970.) - 

Two comple te ly  new t y p e s  of low-frequency magnetic f i e l d  n o i s e  

have been d e t e c t e d  by t h e  VEF exper iment  on OGO 1. One t y p e ,  c a l l e d  

broadband n o i s e ,  has  a  spectrum t h a t  covers  t h e  e n t i r e  range  of obse r -  

v a t i o n s  from 0 . 2  t o  100 kHz. The o t h e r  t y p e ,  c a l l e d  h ighpass  n o i s e ,  

has  a  spectrum t h a t  ex tends  from a  lower-cutoff  f requency o f t e n  n e a r  

40 kHz t o  a t  l e a s t  100 kHz. Both appear  a s  b u r s t s  l a s t i n g  of t h e  o r d e r  

of 1 t o  30 minu tes .  A remarkably h i g h  c o r r e l a t i o n  has been found 

between t h e  o c c u r r e n c e  of t h e s e  n o i s e s  and magnet ic  c o n d i t i o n s  a t  t h e  

e a r t h ' s  s u r f a c e  i n  t h e  p o l a r  r e g i o n s .  Not on ly  does t h i s  c o r r e l a t i o n  

e x i s t  on an hour-to-hour b a s i s ,  b u t  a l s o  t h e  commencement of t h e s e  

n o i s e s  a t  t h e  s a t e l l i t e  has  been found t o  occur  w i t h i n  2 min of t h e  

commencement on e a r t h  of p o l a r  substorm a c t i v i t y ,  even when t h e  s a t e l l i t e  

i s  a t  g e o c e n t r i c  d i s t a n c e s  of over  18 e a r t h  r a d i i .  

A p l o t  of t h e  occur rence  of t h e s e  n o i s e s  i n  l o c a l  mean t ime and 

L-value appears  i n  F i g u r e  1 7 .  I t  may be s e e n  t h a t  t h e  n o i s e s  occur  

predominant ly  i n  t h e  n i g h t  hemisphere .  Comparison w i t h  t h e  w h i s t l e r -  

mode emiss ions  of F i g u r e  16 shows t h a t  t h e  two types  of phenomena a r e  

s p a t i a l l y  a n t i - c o r r e l a t e d .  A s t u d y  on an event- ' to-event b a s i s  shows 

t h a t  t h i s  a n t i - c o r r e l a t i o n  i s  p r a c t i c a l l y  p e r f e c t .  

F i g u r e  17. Broadband and h ighpass  n o i s e  occur rence  v e r s u s  L i n  e a r t h  
r a d i i  and l o c a l  mean t ime  i n  h o u r s .  Shading r e p r e s e n t s  % 
o c c u r r e n c e .  Crosses  i n d i c a t e  t h a t  no d a t a  a r e  a v a i l a b l e  i n  
t h a t  s e c t o r .  Noises  o c c u r  predominant ly  i n  t h e  d a r k  hemi- 
s p h e r e  approaching lowest  E-she l l s  n e a r  t h e  midnight  mer id ian  . 
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A . 1 0  --- 
EMISSIONS OBSERVED BY OGO 3 BETWEEN THE MAGNETOPAUSE AND THE E%W 
SHOCK (J. J .  Angerami, r e sea rch  i n  p r o g r e s s . )  

D i s c r e t e  emissions have been observed by t h e  e l e c t r i c  and magnetic 

s enso r s  of t h e  Stanford ELF rece ive r  aboard OGO 3 i n  t h e  t r a n s i t i o n  

reg ion  between t h e  magnetopause and t h e  bow shock. Both the  occurrence 

and the  frequency range of t he  emissions show a remarkable c o r r e l a t i o n  

wi th  the  i n t e n s i t y  of t h e  ambient magnetic f i e l d .  The l a t t e r  is measured 

by t h e  onboard rubidium vapor magnetometer, and whose output  appears as  

i n t e r f e r e n c e  i n  t he  VLF channel .  

The time-frequency spectrograms of F igure  18 i l l u s t r a t e  t h e  noise  

de t ec t ed  by t h e  loop antenna of OGO 3 dur ing  t h e  outbound magnetopause 

c ros s ing  on 14 September 1966. The top  panel  is  a  superpos i t ion  of t h e  

d a t a  from t h e  ELF (20 t o  - 500 Hz) and VLF ( . 3  t o  12.5 kHz) channels .  

The l a t t e r  conta ins  harmonics of one q u a r t e r  t he  e l e c t r o n  gyrofrequency 

(f ) ,  which a r e  seen  as  h o r i z o n t a l  l i n e s  i n  t h e  beginning of the r e c o r d ,  
H 

corresponding t o  a  s teady  ambient magnetic f i e l d .  Af te r  about 2239 UT, 

r ap id  f l u c t u a t i o n s  i n  t he  ambient magnetic f i e l d  a r e  shown by t h e  gyro- 

frequency harmonic l i n e s .  Nearly co inc ident  w i th  t h i s  t r a n s i t i o n  t h e r e  

is a  change i n  the  p reva i l i ng  n o i s e ,  from h i s s  t o  a  band of d i s c r e t e  

emissions.  This  no i se  is  seen e i t h e r  on t h e  top  panel ,  which shows t h e  

cen te r  frequency of t h e  band t o  be a t  f$4, o r  on the  more expanded 

s c a l e  of t h e  bottom pane l ,  which con ta ins  t h e  ELF channel da t a  a lone  

and t h e r e f o r e  does not  inc lude  t h e  gyrofrequency harmonic l i n e s .  

Figure 1 9  i l l u s t r a t e s  d i s c r e t e  emissions observed by the e l e c t r i c  

f i e l d  antenna on OGO 3 i n  t h e  t r a n s i t i o n  r eg ion .  Discre te  emissions 

tend t o  predominate over h i s s  when t h e  ambient magnetic f i e l d  shows a  



s h a r p  d i p ,  and have been seen  i n  t h e  frequency range from 114 t o  518 

of t h e  l o c a l  e l e c t r o n  gyrofrequency = 

Fur the r  s t u d i e s  of t h i s  phenomenon a r e  i n  p rog re s s .  

F igure  18 .  Frequency-time s p e c t r a  t o  i l l u s t r a t e  a  change i n  t h e  ELF 
no i se  a c t i v i t y  ac ros s  t h e  magnetopause. In t h e  t op  pane l  
t h e  d a t a  from both t h e  ELF (20 t o  - 500 Hz) and VLF ( . 3  t o  
12.5 kHz) channels  a r e  superimposed. The l a t t e r  inc ludes  
harmonics of one q u a r t e r  t h e  e l e c t r o n  gyrofrequency, i nd i ca t ed  
by t h e  s c a l e  on t h e  r i g h t .  The ELF channel con ta in s  no mag- 
netometer ou tput  and t h e  corresponding no i se  d a t a  a r e  shown 
a lone  i n  t h e  bottom pane l .  The change i n  ambient magnetic 
f i e l d  from cons t an t  t o  r a p i d l y  varying ( t o p  pane l )  is 
accompanind by a  change i n  t h e  n o i s e  a c t i v i t y  from h i s s  t o  
a  band of d i s c r e t e  emissions (bottom p a n e l ) .  A s  shown by 
t h e  s u p e r p o s i t i o n  i n  t h e  f i r s t  pane l ,  t h i s  band c e n t e r s  a t  
one q u a r t e r  of t h e  l o c a l  gyrofrequency. 

F igure  19.  Frequency-time spectrum i l l u s t r a t i n g  t h e  appearance of 
d i s c r e t e  emissions a t  d i p s  of t h e  magnetic f i e l d  i n  t h e  
t r a n s i t i o n  r eg ion .  The low frequency end of t h e  r eco rd ,  
r e p r e s e n t i n g  d a t a  from t h e  ELF channel ,  shows a band of 
h i s s  i n t e r r u p t e d  by t h e  occurrence of two s t r o n g  emiss ions ,  
co inc iden t  w i th  abrupt  decreases  i n  t h e  l o c a l  gyrofrequency 
f H  ( s c a l e  on t h e  r i g h t ) .  
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MULTI-EXPERIMENT DETECTION OF THE PLASMAPAUSE FROM OGO 1 AND 
OGO 3 AND ANTARCTIC GROUND STATIONS (D. L. Carpenter,  C .  G. Park, 
H. A.Taylor, Jr. and H. C .  Brinton, J .  Geophys . Res . , - 74, 1837, 
1969. ) 

A s  more is learned of t h e  plasmapause i t  has become evident t h a t  

the  plasmapause radius  e x h i b i t s  r e l a t i v e l y  l a rge  v a r i a t i o n s  with time, 

magnetic a c t i v i t y  and longitude.  During t h e  recovery phase of magnetic 

storms the  r ad ius  may appear t o  be multi-valued, with plasmapause 

11 
e f fec t s "  appearing on severa l  d i f f e r e n t  magnetic s h e l l s  a t  a given 

magnetic meridian. Because of these  complexities it is important t o  

compare measurements by various techniques and a l s o  t o  inter-compare 

measurements made simultaneously with various longi tudinal  spacings. 

Some such comparisons have been made of da ta  from the  GSFC ion mass 

spectrometers  and t h e  ~ t a n f  O ~ ~ / S R I  VLF receivers  on the  OGO-1 and OGO-3 

s a t e l l i t e s .  Comparisons have a l s o  been made of the  mass spectrometer 

d a t a  from an OGO s a t e l l i t e  and simultaneous whis t l e r  recordings on the  

ground near  t h e  prime geomagnetic meridian. In the  s a t e l l i t e  VLF da ta  

the  plasmapause cross ings  a r e  i d e n t i f i e d  by abrupt changes i n  observed 

whis t l e r  and VLF noise  a c t i v i t y  and by noise  bands of l imited dura t ion .  

In one case from OGO 1 and one from OGO 3 ,  plasmapause crossings were 

detec ted  by both the  VLF and ion experiments wi th in  less than 0.1 RE 

i n  L value. In  e igh t  cases of OGO-1 ion  da ta  and simultaneous ground 

whis t l e r  da ta  spaced 1 t o  12 hours from OGO 1 i n  l o c a l  time, good 

agreement was found between the  plasmapause pos i t ions  measured from the  

two experiments. The comparisons provide new v e r i f i c a t i o n  of the  

e s s e n t i a l l y  worldwide extent  of the  plasmapause and a l s o  v e r i f y  previous 

ind ica t ions  t h a t  the  radius  of the  plasmapause is f requent ly  about 
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. . 
constant over large local-time sectors  i n  the  range 0-18 LT. 

Figure 
a 

20. Comparison of simultaneous VLF and ion mass spectrometer 
data on a plasmapause crossing during the  OGO-3 outbound -- -.-. 
pass of July 5, 1966. The s a t e l l i t e  o r b i t  is shown i n  a 
geomagnetic meridian projection.  A pair  of arrows along the  
o r b i t  indicates  the  posit ion of the  plasmapause as  detected 
i n  the  ion data .  The corresponding time in te rva l  is shown 1 

by arrows on the ion  and VLF records. The W data being i n  
the top panel and continue outbound toward the plasmapause 
i n  the  bottom panel. Horizontal l ines  on the  records are  
of instrumental o r ig in .  The VLF s ignal  descending in  
frequency a f t e r  12h 38m 30s is  interference from the onboard 
magnetometer. 
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OBSERVATIONS OF PMSNLAPAUSE CROSSINGS MADE WITH HIGH TIME 
RESQLUTIOP; (N. Dunckel, r e sea rch  i n  p rog re s s . )  

iin many OGO-1. passes  a  d i r e c t  i n d i c a t i o n  of t h e  plasmapause i s  

ob t a ined .  The i n t e n s i t y  of t h e  i n v e r t e r  s i g n a l s  ( a t  mu l t i p l e s  of 2.461 

kHz) i n  t h e  frequency range 40-100 kHz appears  perhaps 8 db s t ronge r  

i n s i d e  t h e  plasmapause than o u t s i d e ,  For i n s t a n c e ,  on an outbound pass  

of N O  1 on May 8 ,  1965, t h e  i n v e r t e r  l e v e l s  p r i o r  t o  1147 UT were a l l  

h igh .  A t  f i r s t  t h e  l e v e l s  near  100 kHz dropped, then those  a t  p rog re s s ive ly  

lower f r equenc i e s  . Fi f  ty-one seconds a f t e r  t h e  i n i t i a l  v a r i a t i o n  a t  

100 kHz, t h e  i n v e r t e r  i n t e n s i t i e s  down t o  40 kHz had dropped and no 

f u r t h e r  changes appeared.  The Location of t h e  s a t e l l i t e  a t  1146 UT was 

0 
such t h a t  L = 4 .7 ,  magnetic l a t i t u d e  = 30 , LMT = 23 hours ,  and - 

f H  - 

28 kHz. The obse rva t ion  of t h e  plasmapause on t h e  same s a t e l l i t e  by 

H .  Taylor a t  1146 UT (pe r sona l  communication) confirms t h a t  t h e  s a t e l l i t e  was 

c r o s s i n g  t h e  plasmapause a t  t h a t  t ime.  Although t h e  phenomenon is  n o t  

f u l l y  understood,  it appears  t h a t  t h e  condi t ions  f o r  t h e  i n v e r t e r s  being 

h igh  may be t h a t  t h e s e  f r equenc i e s  f a l l  i n  t h e  non-propagating reg ion  

given by f  / f  ? 1, f$f < 1. I n  t h i s  c a s e  t h e  plasma frequency i s  
P 

approximately t h e  frequency above which t h e  i n v e r t e r s  a r e  depressed and 

below which they a r e  enhanced. The abrupt  decrease  of t h e  plasma 

frequency i n  t h e  v i c i n i t y  of t h e  plasmapause then causes t h e  observed 

e f f e c t .  According t o  t h i s  i n t e r p r e t a t i o n ,  t h e  s a t e l l i t e  moved only 

L = 0.06 e a r t h  r a d i i  whi le  t h e  plasma frequency dropped approximately 

from 100 t o  40 kHz. Thus, t h e  high t i m e  r e s o l u t i o n  of t he  p re sen t  

experiment (one sweep each 2 . 3  S ~ G O ~ ~ S  a t  h igh  b i t  r a t e )  permits  a  more 

accu ra t e  d e s c r i p t i o n  of t h e  abrupt  changes of plasma frequency near  t h e  

pXasmapause than he re to fo re  p o s s i b l e .  

- 56 - 



OBSERVATIONS OF WHISTLER-MODE SIGNA-LS I N  THE OGO SATELLITES FROM 
VLF GROUND STATION TMNSMITTERS (Re E. Heyborne, PhD D i s s e r t a t i o n ,  
SEL-66-094, S tanford  Univers i ty ,  Stanford,  Cal i f  ., Nov, 1966.) 

The f i e l d  i n t e n s i t i e s  from VLF t r a n s m i t t e r s  ( i n  t h e  v i c i n i t y  of 

20 kHz) a s  observed from OGO 1 and OGO 2 were surveyed and compared wi th  

t h e o r e t i c a l  p r e d i c t i o n s .  The new obse rva t ions  inc lude  a  l a t i t u d i n a l  

c u t o f f ,  an t ipoda l  enhancements, an e q u a t o r i a l  r educ t ion  of i n t e n s i t y ,  

unexpected f ad ing  p a t t e r n s ,  and p o s s i b l e  observa t ion  of ducted s i g n a l s .  

The l a t t e r  two phenomena a r e  i l l u s t r a t e d  i n  F igu re s  21 and 2 2 .  The 

l a t i . t u d i n a l  cu to f f  is d iscussed  i n  Appendix A .I of t h e  OGO 2 and OGO 4 

r e p o r t .  

F igu re  21. Examples of b u r s t - l i k e  s i g n a l s  from s t a t i o n  NPG (18.6 kHz) 
rece ived  on OGO 1. Nonducted s i g n a l s ,  which should be f a i r l y  
cont inuous i n  n a t u r e ,  apparen t ly  w e r e  no t  reaching t h e  
s a t e l l i t e  p o s i t i o n .  The b u r s t - l i k e  c h a r a c t e r  of t he  s i g n a l s  
sugges t s  t h a t  they r e s u l t e d  from ducted propagat ion and t h e  
temporary i n t e r s e c t i o n  of t h e  s a t e l l i t e  with var ious d u c t s  
of enhanced i o n i z a t i o n .  

F igure  22. Examples of deep and r ap id  f ad ing  of s i g n a l s  from NPG a s  
observed from OGO 2 .  This  f ad ing  has  n o t  y e t  been exp la ined .  
One p o s s i b i l i t y  is  t h e  i n t e r f e r e n c e  of from two t o  f o u r  wave 
modes exc i t ed  from one wave upon encounter ing f i e l d  a l igned  
i r r e g u l a r i t i e s  . 
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A.14 

SUPER-GYROFRQUENCX WHISTLERS ( R .  L. Smith, r e sea rch  i n  p rog re s s . )  

An extremely r a r e  type of w h i s t l e r ,  observed on OGO 3 dur ing  t h e  

inbound pass  of 2 1  January 1967, i s  shown i n  t h e  frequency-time s p e c t r a  

of F igure  2 3 .  The s a t e l l i t e  was loca ted  9.8 degrees  south  of t h e  geo- 

magnetic equa tor  a t  an L-value of 5 , 2 4 ,  The l o c a l  t ime a t  t h e  sub- 

s a t e l l i t e  p o i n t  was 1038 .  The t o p  panels  i n  t h e  f i g u r e  show t h r e e  of 

t h e  b e s t  examples of t h e  phenomenon, r e f  e r r ed  t o  as a flsuper-gyrof requency 

w h i s t l e r "  (SG w h i s t l e r )  and c o n s i s t i n g  of descending tones  from approxi- 

mately 10 kHz t o  7 .5  kHz. These s p e c t r a  a l s o  show h o r i z o n t a l  l i n e s  a t  

harmonics of f  $4, one q u a r t e r  t h e  l o c a l  e l e c t r o n  gyrof requency , 

measured by t h e  onhoard rubidium-vapor magnetometer. The corresponding 

s c a l e s  a t  t h e  r i g h t  i n d i c a t e  t h a t  t h e  t h r e e  SG w h i s t l e r s  a r e  c l e a r l y  

above f H ,  g i v i n g  r i s e  t o  t h e i r  de s igna t ion .  

The SG w h i s t l e r s  repor ted  he re  a r e  t h e  on ly  examples known t o  d a t e .  

In  t h i s  pass  of OGO 3 n ine  events  were observed over a three-minute t i m e  

0 
i n t e r v a l ,  between L-values of 5 .32  and 5.23 and d i p o l e  l a t i t u d e s  of 9.4 S 

and 9.g0s.  A d i s c r e t e  r i s i n g  emission,  s t a r t i n g  a t  about 2 kHz, preceded 

every w h i s t l e r  event  by a cons t an t  t ime l a p s e  of about ha l f  a second, as  

shown i n  t h e  f i g u r e .  S imi l a r  emissions - but  no t  t h e  SG w h i s t l e r s  - 

were a l s o  observed on t h e  ground a t  Byrd S t a t i o n ,  A n t a r c t i c a ,  near t h e  

southern  f o o t  of t h e  f i e l d  l i n e  passing through the  s a t e l l i t e .  In t h e  

conjuga te  r eg ion ,  however, only s f e r i c s  were observed, a s  shown by t h e  

Great  Whale River  (GWR) record i n  t h e  bottom pane l  of F igure  23. I t  was 

t h e r e f o r e  concluded t h a t  t h e  SG w h i s t l e r s  o r i g i n a t e d  i n  t h e  nor thern  

hemisphere. This  conc lus ion  was f u r t h e r  corroborated by t h e  c o r r e l a t i o n  

between the  s f e r i c s  and t h e  r i s i n g  emissions which, as  shown i n  t h e  two 



bottom pane l s ,  enabled t h e  i d e n t i f i c a t i o n  of t h e  source  of t h e  SG 

w h i s t l e r  . 
Pre l iminary  a n a l y s i s  of t h e  above d a t a  has ind ica ted  t h a t  t h e  SG 

w h i s t l e r  may r e s u l t  from propagat ion i n  t h e  ex t r ao rd ina ry  mode above t h e  

plasma frequency ("z-mode"). A t  p r e s e n t  t h i s  explana t ion  i s  no t  considered 

s a t i s f a c t o r y  because of d i f f i c u l t i e s ,  inc lud ing  t h e  coupl ing t o  t h e  l e f t  

hand mode through t h e  ionosphere,  an excess ive  observed time d e l a y ,  and 

a  plasma frequency a t  t h e  s a t e l l i t e  t h a t  i s  lower than c o n s i s t e n t  w i th  

t h e  de l ay  f o r  t h e  emissions.  

Fu r the r  i n v e s t i g a t i o n  of t h i s  unique phenomenon i s  i n  p rog re s s .  

F igure  2 3 .  The t h r e e  top  panels  a r e  frequency-time s p e c t r a  of OGO-3 
d a t a  i l l u s t r a t i n g  super-gyrofrequency (SG) w h i s t l e r s ,  The 
bottom pane l  i s  a  s imultaneous ground record made a t  Great  
Whale River  (GWR), n e a r  t h e  no r the rn  f o o t  of t h e  f i e l d  l i n e  
pass ing  through t h e  s a t e l l i t e .  The SG w h i s t l e r s  a r e  f a l l i n g  
tones  approaching asympto t ica l ly  a  frequency of about 7 kHz, 
which, a s  shown by t h e  s c a l e  on t h e  r i g h t ,  i s  g r e a t e r  t han  
t h e  l o c a l  gyrofrequency.  Ris ing  tones  s t a r t i n g  near  2 kHz 
precede t h e  SG w h i s t l e r s  by about 0.5 s e c .  The v e r t i c a l  
arrows a t  t h e  bottom of t h e  panels  i n d i c a t e  t h e  time of 
occurrence of t h e  s f e r i c s  producing t h e  r i s i n g  emissions 
and t h e  a s soc i a t ed  SG w h i s t l e r s .  A s  shown i n  t h e  bottom 
pane l ,  t h e  sources  were i d e n t i f i e d  i n  t h e  no r the rn  hemisphere 
( s e e  t e x t ) .  





V I  . APPENDIX B 

Included i n  Appendix B a r e  t h e  fo l lowing  i l l u s t r a t i o n s :  a block 

diagram of the  experiment package and c a l i b r a t i o n  curves  of t h e  

r e c e i v e r s .  







F i g u r e  26. S O - 1  c a l i b r a t i o n  o f  Band 1 a t  1600 Hz.  Use F i g u r e  25 f o r  
c a l i b r a t i o n  a t  o t h e r  f r e q u e n c i e s .  Note t h e  l o g a r i t h m i c  
r e s p o n s e ,  due t o  t h e  log  compressors  of F i g u r e  24. 



F i g u r e  27. GG0-1 c a l i b r a t i o n  of  Band 2 a t  12.7 kHz. Use F i g u r e  25 f o r  
c a l i b r a t i o n  a t  o t h e r  f r e q u e n c i e s .  Note t h e  l o g a r i t h m i c  
response ,  due t o  t h e  l o g  compressors  of F i g u r e  24. 



0 
-120 -1 10 -100 - 90 - 8 0  -70  -60  - 5 0  - 4 0  - 30 

MAGNETIC FLUX DENSITY - d B  W/R I GAMMA 

OGO-1 SU/SWI VLF EXPERIMENT 
14 MARCH 1964 CALlBRATl0N 
BAND 3 AMPLITUDE CALIBRATION 
FREQUENCY = 101.7 kHz 

INTERNAL CALIBRATION 
LEVEL AT 75 kHz 

F i g u r e  28, WO-l c a l i b r a t i o n  of  Band 3 a t  101.7 kHz. Use F i g u r e  25 f o r  
* .  ' .  I c a l i b r a t i o n  a t  o t h e r  f r e q u e n c i e s .  Note t h e  l o g a r i t h m i c  

r e s p o n s e ,  due t o  t h e  log  compressors  o f  F i g u r e  24. 



F i g u r e  29. N O - 1  c a l i b r a t i o n  of v o l t a g e - c o n t r o l l e d  o s c i l l a t o r  (VCO) f o r  
Band 3 tuned  t o  9 0  lrHz (mode 3 ) .  Use F i g u r e  25 f o r  c a l i b r a t i o n  
a t  o t h e r  f r e q u e n c i e s .  



Figure 30. OGO-1 c a l i b r a t i o n  of voltage-control led o s c i l l a t o r  (VCO) f o r  
s i x  d i f f e r e n t  frequencies applied t o  the  broadband receiver  
(modes 1 o r  2) .  



FREQUENCY n z 

Figure  31. R e l a t i v e  f requency  responses  of t h e  e l e c t r i c  ( t o p )  and magne t i c  
(bot tom) p r e a m p l i f i e r s  of EXP 17 i n  OGO 3 .  
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INPUT TO ELECTRIC PREAMPLIFIER - dB W/R I volt rms 

Figure 32. OGO-3 calibration of  Band-1 receiver a t  1 kHz. Use Figure 31 
for  callbrati ion at..ot her frequencies. Note the logarithmic 
response due to the log compressors of Figure 24. - 

+ 72 -. 



F i g u r e  33 .  OGO-3 c a l i b r a t i o n  of Band-2 r e c e i v e r  a t  E O  kHz. U s e  F i g u r e  31 
f o r  c a l i b r a t i o n  a t  o t h e r  f r e q u e n c i e s .  Note t h e  l o g a r i t h m i c  
r e s p o n s e  due t o  t h e  hog compressors  s f  F i g u r e  24. 



7 3 0  -120 -110 -100 - 9 0  - 8 0  -70 - 6 0  - 50 - 4 0  - 3 0  
MAGNETIC FLUX DENSITY ---dB W/R I aamma rms 

-140 I -120 - 1  10 -100 -90 -80 -70 - 6 0  -50  - 4 0  
INPUT TO ELECTRIC PREAMPLIFIER - dB W/R I volt rmr 

F i g u r e  34. OGO-3 c a l i b r a t i o n  of Band-3 r e c e i v e r  a t  80  kHz. Use F i g u r e  31 
f o r  c a l i b r a t i o n  a t  o t h e r  f r e q u e n c i e s ,  Note t h e  l o g a r i t h m i c  

. ir 
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